Possibly the first practical application of the pronounced at-I Air bubbles in water increase the compressibility several tenuating -property of-air bubbl& in water was one proposed and orders of magnitude above that in bubble-free water, thereby greatly reducing the velocity and increasing attenuation of acoustic waves. The effect of air bubbles in water on acoustic wave propagation was studied extensively during World War II as part of an overall effort to apply underwater sound in submarine warfare. Currently, air bubble curtains are used to prevent damage of submerged structures (e.g., dams) by shock waves from submarine explosives. Also, air-bubble curtains are used to reduce damage to waterfilled tanks in which metals are formed by explosives.
INTRODUCTION
A small fractional volume (0.01~ and IL\=) of air_ bubbl~q in water or, more generally, gaseous bubbles in a fluid, can reduce acoustic wave velocity and increase attenuation orders of magnitude from values for a gas-free fluid. In this paper, a brief review of previously proposed and present applications of air-bubble curtains in water is given, followed by a description of the theory and experimental verification of sound attenuation and velocity in such a mixture. Finally, theoretical velocity and attenuation functions are developed for specific physical parameters (temperature, water salinity, density, etc.) representative of those at the test site of a field experiment described in 
issue).
patented by Fessenden (1920) . In experimenting with a marine oscillator for generation of acoustic (sound) waves,~ he noted~ that the waves were attenuated severely when an automobile air-inflated innertube was placed near the oscillator. Apparently, he confirmed this observation by bubbling air through water in the vicinity of a sound source. In his patent, he proposed that air-bubble streams be used to shield an oscillator (used for sound generation and reception). A possible application of air-bubble curtains in water to marine seismic exploration was demonstrated in physical model experiments by Sarrafian (1956) . Briefly, he generated and recorded sound waves in a laboratory steel water tank to confirm the presence and nature of multiple reflections between the top water-air interface and the tank bottom. In investigating methods for attenuating multiple reflections, he placed a plastic box in the water tank midway between the hydrophone (H) and sparkgap source (S) as shown in Figure Sa . The open top of the box was a few millimeters below the surface, and the acoustic impedance of the box sides was approximately equal to that of water. He noted no change in the received signal (Figure 5b ) after the box was in place and full of water. Then an effervescent powder was placed in the box and another signal was recorded ( Figure   5~ ). It is obvious that the bubbles generated in the box effectively attenuated reflections. Resonant frequencies of multiple reflections in the water tank may be obtained from (Backus, 1959 
and were supplied air at a rate of 3750 ft3/minute and a pressure of 90 psi during blasting of the rock barrier. Pressures measured at the dam proved to be well below the damaging level. It was estimated that savings realized by continuous operation of the generators (no loss of electric power) and by elimination of the need to drain the forebay amounted to about $1 million. Since this operation, air curtains have been used routinely to protect underwater structures from damage by underwater explosions, guidelines for which are given in Langefors and Kihlstriim (1967) .
A similar application of air curtains is in explosive metalworking operations. These involve forming of metals by explosives and often are conducted in a large water-filled cylindrical tank, as shown in Figure 3 , to protect the surroundings from damage. In addition to thick walls and various means of cushioning the bottom, an air bubble screen is created inside the tank around its circumference (Figure 3) . Pipher, et al (1960) experimented to determine the circumferential stress created in the wall of a cylindrical water-filled tank, 24 inches in diameter and 35 inches high, by an explosive charge positioned on the tank axis 18 inches from the bottom. The charge consisted of a no. 6 blasting cap and 20 grains of PETN Primacord. Strain gauges were mounted on the outside of the tank at the height of the charge. Air was supplied to a 2-inch diameter perforated pipe at the tank bottom around the circumference. Holes were 0.07 inch in diameter and spaced 0.50 inch apart. The stress was measured for different air flow rates. The data are plotted in Figure 4 where the stress is in decibels relative to the stress measured without the circumferential air bubble curtain (0 ft3/minute). The stress where fn is the resonant frequency for mode n, co = 1.46 IO5 cmisec is sound velocity in water, and d, = 8 cm is the water depth. The time interval of the first half-cycle of the direct wave recorded by the hydrophone is approximately 10 ksec, corresponding to a frequency of 50 kHz. This frequency is nearly equal to that of the sixth mode (fs = SO. 19 kHz) at which the wavelength is 2.9 cm. The width and depth of the box expressed in wavelengths (for n = 6) is approximately 1.7 and 1.0, respectively; thus, the attenuation per wavelength is appreciable.
Since none of the previously published investigations included marine seismic source signals, a field experiment was conducted to determine the attenuation by air-bubble curtains in water of sound from a marine seismic source, namely, a water gun. The latter was chosen because of its essentially bubble-free signature. Bubble oscillations, of course, would complicate signal analysis substantially. As noted previously, this field experiment is the subject of .
THEORY
Published theory and experimental verification concerning sound attenuation by bubbles in a liquid is extensive and will not be summarized here. Such papers directly or obliquely related to this study are listed under References for General Reading. Motivation for much of this previous effort was the observation that wakes of ships, mixtures of air bubbles and water, often severely attenuate sound waves. This phenomenon, of course, was of prime concern during World War 11 when the initial studies were conducted.
General
As noted previously, air bubbles in water greatly increase the compressibility and thereby increase the attenuation and reduce the velocity several fold from corresponding values for bubblefree water. Air compressibility Bg at a temperature of 47°F is closely approximated by (Hilsenrath, 1972) 
where PO is the ambient pressure in lb/ft2. Water compressibility and density at ambient pressures from 1 to 6 atm, corresponding to water depths from 0 to 160 ft, varies negligibly. Water compressibility Be used in this study is 2.0978 . IO-' ft' /lb, which corresponds to a water density p,, of 2.01 slugsift (I .035 g/cm3) and a sound velocity in water (' ,I of 4870 ftisec which are believed appropriate values for this study.' The compressibility B of an air-bubble/water mixture is the weighted-by-volume average of the water and air compressibilities, B = (1 -s) B,, + sBR ft2/lb,
where s is the fractional volume of air in the mixture. The ratio B/B0 is plotted versus s in Figure 6 for ambient pressures corresponding to water depths from 0 to 160 ft. Similar to compressibility, the density p of the mixture is given by the weightedby-volume average of water density p. and air density pg, p = (1 -s) pa t spg slugsift3.
Air density pp at a temperature of 47°F is closely approximated by (Hilsenrath, 1972) pg = 1.0714 10-6P;.ms6 slugsift' ,
where PO is in lbs/ft' . Figure 6 , the graph in Figure 7 shows the ratio c/c,,, where co is sound velocity in bubble-free water,
versus the air fractional volume s for ambient pressures corresponding to the indicated water depths. Equation (5) is equivalent to Wood' s equation (Wood, 1949 ) who first showed the peculiar nonlinear variation of sound velocity in an air-water mixture as the fractional air volume varies. In a mixture containing only one part air to 1000 parts mixture (s = O.OOl), the velocity is reduced from 4870 ftisec in bubble-free water to 1000 ftisec at 0-ft depth and to 2210 ftisec at 160-ft depth. Velocity is at a minimum near s = 0.5 where it is well below sound velocity in air, being 64.6 ft/sec at 0-ft depth and 156.2 ftisec at 160-ft depth.
As sound frequencies increase and approach bubble resonant frequencies, equation (5) becomes increasingly inaccurate. Silberman (1957) summarized previous theoretical derivations by Spitzer (1943) 
In equations (8) where K is the thermal conductivity of air and C, is the specific heat of air at constant pressure. The polytropic factor p. is given by I* = 1 /( 1 + 6). The three terms on the right side of equation (12) describing the damping constant 6, express, in order, the contribution of (1) heat conduction from the pulsating bubbles, (2) sound reradiation by the bubbles, and (3) viscous damping by the water in the immediate vicinity of each bubble. The first term is valid only when B < O.fi(y -1). The relative contributions of each term will be shown below.
Equations (7) and (10) apply only to a homogeneous mixture containing spherical bubbles of equal radius r greater than 0.0005 ft and much less than the smallest sound wavelength. Also, the fractional air volume s must be less than 0.03. Equation ( suring the relative amplitudes of the nodes and antinodes. At frequencies approaching the bubble resonant frequency, attenuation was too high for generation of standing waves. Attenuation was determined by making pressure amplitude measurements at small depth intervals near the sound source. Velocity could not be determined at these frequencies. The average fractional volume of air was determined hy comparing the weight of the column of the air-bubble/water mixture to the weight of a water column of equal dimensions. (The fractional volume, of course, varied vertically slightly since the bubbles expanded as they rose in the column.) in a sequence of seven experiments, frequency was varied from 100 Hz to IO kHz, bubble radius was varied from about 6 . IO-' to IO-' ft. and fractional air volume was varied from about 3.5 . 10-j to 10-2. Measured velocities and attenuations were plotted versus frequency and compared to theoretical curves derived from equations (7) and ( IO) as shown in Figure 8 . The measured values actually are from three separate measurement sets between which the mean bubble radius varied slightly and column height was changed as shown. The measured air fractional volume was 0.0053 ft. The theoretical curves were derived for each radius and column height. Attenuation is in dB/ft which requires that computations from equation (10) be multiplied by 20 log e. The theoretical velocity curve shows that below the resonant frequency (.f' < fi) the velocity is nearly constant, well below the velocity in bubble-free water and also below velocity in air (-1100 ftisec). Near fi the velocity decreases to a sharp minimum, thereafter rising to a broad maximum (incompletely shown) well above velocity in water and then decreasing to the latter v&city. Velocity measurements at frequencies below fr agree well with the theoretical curve. Theoretical attenuation curves demonstrate that below ;; the attenuation increases rapidly with increasing frequency from less than IO-' dB/ft at 10 Hz to almost 10' dB/ft at fr. Thereafter, the attenuation decreases at a varying rate, remaining 
Test site parameters
The field experiment, described in Domenico (1982), consisted of placing I3 perforated air pipes in a parallel configuration Part I-History and Theory at the bottom of a 25-ft deep test pond. Air-bubble curtains issued from the pipes at different air pressures. A marine water gun, the sound source, was suspended at mid-depth off one side at right angles to the air curtains. Off the opposite end three hydrophones, also suspended at mid-depth, were spaced along a line at right angles to the air curtains. Signals from the water gun were recorded in digital form (0.25.msec sample interval) as the air curtains were activated in sequence. Prior to this experiment, theoretical values were computed from equations (7) The theoretical curves in Figure 9 show the velocity c in the mixture is nearly constant (approximately 600 ftisec) and is insensitive to bubble radius to a frequency of about 300 Hz. As frequency increases, velocities decrease to minima at bubble resonant frequencies, increase abruptly to broad maxima, and then decrease to the velocity c0 in air-free water. Below bubble resonances, the attenuation increases at a rate proportional to approximately the 0.7 power of frequency and also increases with decreasing bubble radius. As mentioned previously, the three terms express, in order, the contribution of (1) heat conduction from the pulsating bubbles, (2) sound reradiation by the bubbles, and (3) viscous damping by the water in the immediate vicinity of each bubble. First the damping constant was computed, using parameters given in Table 1 , as a function of frequency for a fractional air volume of 0.006 and for each of four bubble radii, specifically, 0.001, 0.002, 0.005, and 0.01 ft ( Figure 12 ). As shown in Figure 12 , the damping constant for each bubble radius decreases with increasing frequency to a minimum somewhat above the resonant frequency, the departure increasing as the bubble radius decreases. At frequencies below the minima, the damping constant increases with decreasing bubble radius, whereas the opposite occurs at the frequencies above. Next, the three terms in equation (12) were evaluated separately for a bubble radius of 0.002 ft and fractional air volume of 0.006, corresponding to one curve in Figure 12 . Each term, as well as the sum of the terms or the damping constant, is plotted versus frequency in Figure 13 . It is apparent that heat conduction is dominant below and reradiation is dominant above the frequency at the minimum value. Viscous damping is not significant.
CONCLUSIONS
The effect of gaseous bubbles in a fluid on acoustic wave velocity and attenuation has been examined extensively in the past, both theoretically and experimentally. Air bubbles in water increase the compressibility several orders of magnitude above that in bubble-free water and thereby greatly reduce the velocity and increase the attenuation of acoustic waves. Practical applications include prevention of damage by explosive shock waves to submerged structures and to water-filled tanks in explosive metal working operations through the proper placement of airbubble curtains which absorb the wave energy.
Laboratory experiments, which general!y have confirmed theoretical velocity and attenuation functions, demonstrate that these quantities are dependent principally upon frequency, bubble size, and fractional volume of air. Below the bubble resonant frequency the velocity is nearly frequency-independent and well below the velocity in bubble-free water. Near the resonant frequency the velocity decreases to a sharp minimum and then, as frequency increases beyond the resonant frequency, increases abruptly to a broad maximum well above velocity in water. Finally, as frequency increases further, the velocity decreases to that in bubble-free water. Initially, attenuation increases gradually with increasing frequency and then rapidly as the resonant frequency is approached, attaining a maximum value several orders of magnitude above that at low frequency. Beyond resonance, attenuation decreases gradually. The resonant frequency is inversely proportional to bubble radius. Theoretical calculations preceding a field experiment, described in and based on physical parameters at the test site, indicated the variation in velocity and attenuation to be expected within the anticipated range of frequency, bubble size, and fractional air volume. These demonstrated that velocity is insensitive to frequency below approximately 300 Hz and to bubble radius which was varied from 0.01 to 0.002 ft, corresponding to resonant frequencies of 1240 to 6204 Hz, respectively. Below bubble resonance, attenuation increases at a rate proportional to approximately the 0.7 power of frequency and decreases with increase in bubble radius. Attenuation ranges from values in the vicinity of 0.01 dB/ft at 10 Hz to values of 573 and 2270 dB/ft at the resonant frequencies for bubble radii of 0.01 and 0.002 ft, respectively. For a range of fractional air volume from 0.001 to 0.1, the velocity decreases and the attenuation increases at a rate approximately proportional to the square root of the air volume. Finally, it was determined that attenuation is due essentially to heat conduction from the pulsating bubbles below the resonant frequency and to sound reradiation above the resonant frequency. Viscous damping is not significant.
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Figure 2 is a plan and section view of the arrangement of perforated air pipes, water gun, and hydrophones. Thirteen plastic pipes, l-inch ID, each 20 ft in length, were mounted in a 20 by 20 ft frame at a spacing of 1.67 ft (20 inches). Holes, 3/64 inch in diameter, were drilled at 4-inch intervals along each pipe (60 holes per pipe). The pipe frame was suspended from buoys at a depth of 24 ft, a few inches above the bottom. A water gun was suspended from a spacing bar, supported by buoys, 12 ft deep and 3 ft from the pipe frame side.
Four hydrophones of the same design were used. A hydrophone was suspended 2 ft below the water gun to monitor the source signals. Hydrophones 1, 2, and 3 were suspended at a depth of 12 ft and at horizontal distances of 3, 13, and 23 ft, respectively, from the opposite side of air pipe frame.
The water gun is an implosive-type source. Water is ejected at high velocity through ports by compressed air, initial pressure of 2000 psi, which is subsequently vented to the surface. The principal source of energy in the generated sound wave arises from the collapse of voids caused by the outward thrust of water through each port which creates only a small precursor to the main sound pulse. Total energy is a function of the water chamber size. A 15-inch3 chamber, the smallest available, was used; it provided ample energy. The water gun was selected because of negligible bubble oscillations which extend and complicate signals from water guns and explosive sources. Compressed air tanks and operating equipment for the water gun were mounted on the pier. Hydrophones were the pressure-sensitive, piezoelectric crystal type (GeoSpace MP-8F) with a rated sensitivity of 13 V/bar. Signals were recorded by a single-channel digital recorder at a sample rate of 40OO/sec (0.25msec sample interval). A specially designed switch permitted rapid connection of the recorder' s single input channel to any one of the four hydrophones. Water gun firing was synchronized with signal recording.
Pi pe
The system used to supply compressed air to the air pipes is shown in Figure 3 . Thirteen standard size (1.73 ft3) compressed air tanks, at an initial pressure of 2000 psi, were used. Each tank supplied air to a central manifold, connected through an air pressure regulator to a low-pressure manifold. Each of the 13 air pipes was connected by a plastic tube through a valve to the latter. Thus, the air supply to each pipe could be turned on and off separately. An air pressure gauge was connected to the central manifold to monitor air tank pressure. A second gauge was connected to the low-pressure manifold for setting, by the regulator, the desired pressure of air supplied to one or more of the air pipes.
Four air pressures were used respectively in four sets of recordings by each of hydrophones 1, 2, and 3. These were I5 psi (slightly above ambient pressure at the depth of the air pipes), 25, 50, and 100 psi. At each pressure the water gun signal was recorded (by each of the three hydrophones in succession) initially without air-bubble curtains. Then pipes 1 through 13 (Figure 2) were supplied air in succession, commencing with pipe 1. Un-0 -80 fortunately, the air supply was exhausted before the sequence at 100 psi could be completed, only signals for pipes I through 6 being recorded.
Repeated recordings were made from the monitor hydrophone (Figure 2 ) to determine repeatability of the water gun source signal. Also, all four hydrophones were suspended at the same position and source signals were recorded to determine differences in response.
EXPERIMENT RESULTS
Reproducibility
For comparison of responses, the four hydrophones were grouped and suspended 12 ft deep and at a horizontal distance of 36 ft from the water gun (the position of hydrophone 2 in Figure 2 Figure 10d is a summary plot showing the average delay time at each pressure for the three hydrophones and the associated lines. The rate of increase increases with pressure, the total delay time T, for 13 air curtains being 15.1, 17.6, and 23.8 msec for 15, 25, and 50 psi, respectively. As for the variation in amplitude, this variation in time of the maxima supports the observation that reverberations are occurring since the increase in multiple reflections with increasing number of air curtains would cause the overall signal to broaden in time and, consequently, delay the maximum.
Reverberation systems
One system of reverberations, presumed to be principally responsible for event & is shown in Figure 11 Figure 11 ) and, thus, cannot alter time of the event a maximum. As a demonstration of this phenomenon, a synthetic event a was computed ( Figure 13 ) for R = 0.87 and for numbers of air curtains j from 2 to 13. The amplitude of each pulse is normalized to its maximum amplitude. As expected, the event broadens with increasing j and the maximum is delayed progressively. The time index i of the maximum for j = 13 is 32 and is indicated in Figure 12 for R = 0.87. The time of the maximum was computed for a variety of reflection coefficients in the range 0.7 7 R < 1 .O and for numbers of air curtains from 2 to 13. From these data the nomogram in Figure 14 was prepared where the reflection coefficient R is plotted versus time index i for each number j of air curtains. Curves for j = 1 and j = 2 are not shown since the time index of the maximum is 0, that is, the maximum occurs at the onset of event &for all R and is the direct arrival (no multiple reflections) from the source. Index times of the maxima for j = 13 are indicated for the reflection coefficients shown in Figure 12 on which these times are also indicated. For each j the time of the maximum increases nonlinearly with increasing R at an increasing rate. For a given R, time of the maximum increases linearly (from j = 2, the ordinate) with increasing j. As noted above, the observed times of the event a maxima appear to be linearly related to j (Figure 10) .
The nomogram in Figure 14 can also be used to predict times of the maxima of the event created by reverberations in the air curtain (Figure 15) , which is designated event b. For this event the time must be in units of 272, twice the one-way traveltime through an air curtain. Since this time is appreciably greater than T,, the one-way traveltime in the bubble-free corridor, event b will be considerably broader than event2 and its maximum will be delayed progressively more than is the maximum of event &with increasing j. For eventb, the curves on the nomogram (Figure 14) must be redesignated as shown since j will vary from 1 to 13 (rather than from 2 to 13 for event aJ, the time index 
The times 70 and TV are given in Tables 1 and 2 , respectively.
The time index i and computed times T,, are listed in Table 3 where n is the order of the multiple and the last term is for correction to the time reference (arrival time of direct wave without air curtains). The times T,,, for the first-, second-, and third-order multiples are also listed in Table 3 .
Comparison of predicted and observed event times
The of maximum amplitude of event _b and onset times of first-, second-, and third-order overall multiples (events g) for 13 Table 4 for each of the two bubble radii and for each of the three air pressures. Also listed are fractional air volumes at 50 and 2500 Hz derived from equation (14) , for velocities given in Table 2 lnd constants given in Table 2 of . Fractional air volumes derived from the air flow test are from about two to nine times greater than those derived from velocities, the difference increasing with air pressure. Reasons for this discrepancy could not be established definitely. In limited laboratory experiments, it was established that bubble velocity depends upon the bubble production rate (number of bubbles generated per second), which increases as the air pressure increases, as well as on bubble size. It was observed that the velocity increased from approximately 0.83 to 1.25 ftisec as the bubble production rate was increased from one to 15 bubblesisec by increasing the air pressure. The bubble velocity versus radius curve in Figure 19 is for isolated bubbles, and the lower velocity (0.83 ftisec) agrees well with the curve at the observed bubble radius (approximately 0.02 ft). The increase is much greater than accounted for by an increase in bubble size with increasing pressure. Thus, bubble motion appears to be interactive, and the velocities obtained from the curve in Figure 19 are likely too low, implying that the fractional air saturations derived from the air flow test (listed in Table 4) (Table 5) .
Width et of the bubble-free corridor was reduced to zero in increments of 0.4 ft from the original width of 1.2 ft by increasing the width e2 of the air curtain by the same amount, as shown in Table 5 . Velocity c in the air curtain remained constant at values given in Table 2 for each of the three air pressures. The one-way traveltime T, in the bubble-free corridor and TV in the air curtain for each of three air pressures are listed in Table 5 . Also given in Table 5 for reference are velocities c in the air curtains and reflection coefficients R from Table 2 Figures 25a and 25b , respectively. The attenuation for the smaller bubble becomes increasingly greater than that for the larger bubble as the air-curtain width increases (number of coalescing air curtains j is increased). Also, the increase in attenuation with increase in reflection coefficient (due to increase in fractional air volume) is apparent. For comparison with these curves, the curves of event a amplitude measured on synthetic signals (Figure 18 ) for the original bubble-free corridor width (e, = 1.2 ft) are shown in both graphs. These are best aligned with the curves for the larger bubble (Figure 25a) . Thus, it appears that attenuation of event a attributable solely to absorption (no bubble-free corridors) may be approximately equal to the attenuation attributable to reflection loss in bubble-free corridors. In the latter case, the traveltime in air curtains is negligible relative to traveltime in bubble-free corridors. Width of the bubble-free corridor, traveltime and velocity in the air curtain, and reflection coefficient at the interface of the air curtain and bubble-free corridor were determined by an iterative procedure, for each of the three air pressures, from signal onset times and delay times of the peak amplitude. The corridor width was approximately three times the air curtain width and did not appear to vary with air pressure. On the contrary, traveltime in the air curtain increased with air pressure and was from three to four times the traveltime in the corridor. Correspondingly, velocity in the air curtain varied from about 0.14 to 0.10 times the velocity in bubble-free water (4870 ftisec), and the associated reflection coefficients varied from about 0.75 to 0.82 with increase in air pressure. These characteristics were used to predict delay times of a latter positive pulse which, theoretically, should result from reverberations in the air curtains. They were also used to predict arrival times of multiple reflections between the outer interfaces of the outermost air curtains (overall multiples). The former cannot be identified, possibly because of energy absorption in the air curtains and interference from the first-order overall multiple. Second-and third-order overall multiples, however, are distinctive on various records and occur at nearly the predicted times.
CONCLUSIONS
Plane-wave synthetic signals, computed for each configuration of air curtains at each of the three air pressures, correspond satisfactorily to transformed hydrophone signals for the successive pipe sequence. Discrepancies are believed due to inadequacy of the synthetic signal computation (plane wave) and incomplete removal of hydrophone response. First pulse maximum amplitudes on the synthetic signals conform to those measured on the transformed recorded signals in that the amplitude is decreased substantially by a single air curtain and not appreciably more by additional air curtains. Also, as for the transformed signals, the first pulse maximum amplitude decreases with increase in air pressure. However, the amplitudes measured on the transformed signals exceed the synthetic signal amplitudes as the number of air curtains is increased, possibly due to the inadequacy of the plane-wave models for the synthetic signals and to unknown backscattered signals within the pond.
Fractional air volumes derived from air flow tests (measurements of pressure decline rate in air supply system at constant air pipe pressure) are from two to eight times greater than those given by the theoretical velocity versus fractional air volume function, the difference increasing with air pressure. This discrepancy may be due to an increase in bubble velocity (rate of rise) with increase in bubble production rate not accounted for in the reduction of air flow test data and, also. possibly due to variation in air-bubble density.
Presence of dominant reverberations in the bubble-free corridors between air curtains prevented meaningful measurements of frequency-dependent absorption in the air curtains. Alternatively, theoretical absorption values were obtained after synthetically eliminating the bubble-free corridors by expansion of the air curtains, maintaining a constant fractional air volume for each of the three air pipe pressures. Attenuation due to frequencydependent absorption was determined for estimated upper and lower limits of bubble radius. (The effect due to variation of fractional air volume between established limits is negligible.) At the upper limit of bubble radius (0.014 ft), the first pulse (now the only signal except for separated overall multiple reflections) maximum amplitude is decreased substantially by the air curtain from a single pipe and at a much lower rate as successive air pipes are added. The frequency-dependent attenuation for the larger bubble radius closely approximates that due to reverberations in bubble-free corridors as determined from synthetic signals for the originally estimated air-curtain widths. Frequency-dependent attenuation determined for the smaller bubble radius (0.002) is substantially greater and increases with air-curtain width (addition of successive air pipes) at a greater rate.
APPENDIX A PLANE-WAVE SYNTHETIC SIGNALS
The physical model for derivation of plane-wave synthetic signals, shown in Figure A- where p. and co are, respectively, water density and velocity, p and c are density and velocity in the adjoining medium, and 0 is the reflection angle. Because of the low density of air pK relative to density of water po, the ratio pn/po is negligible compared to the second term in the numerator and denominator of equation (B-l). Also, because of the low velocity in air cg relative to velocity in water co, the ratio co/c8 is large compared to sin20 for the reflection angles of the raypaths in Figure B-l (0 5 30.3 degrees) . Thus, the reflection coefficient R, at the water surface reduces to R, = -1. At the water-sediment interface it is assumed that the sediment velocity c,~ is equal to the water velocity co as is usually the case for unconsolidated water bottom sediments (Christensen et al, 1975; Hana, 1973; Domenico, 1979) . This sediment velocity implies that the fractional volume of water in the sediment is 0.5 and, assuming the remainder is quartz Sandy, that the density ps is 1. and, as for R,, R, is independent of the reflection angle 8. The reflection coefficient R,y of the water-sediment interface for the assumed sediment density ps and measured water density p. (Table I of 
